Abstract. The study presents the analysis of the process of crack formation and crack width growth in statically determinate and hyperstatic reinforced concrete beams with the IADP acoustic emission method. The beams were subjected to the monotonic, variable with unloading, and variable cyclic loading schemes. The criteria of structural damage were established to account for the structure durability.
Introduction
Durability of building and engineering structures has been a subject of growing importance in recent years. That refers both to the stage of integrated design [1] , and in particular, to the maintenance stage. The latter is often related to the necessity of extending the lifespan of the existing structures or changing their use. As regards the design stage, the durability is accounted for in the Basis of structural design PN-EN 1990, which defines the design service life of the structure as a period in which the structure or its part is to be used as intended, with proper maintenance, and is not in need of major repairs. In the Model Code 2010, the design service life was additionally related to the suitability criteria and the required reliability level. It is very difficult to assess the durability of existing structures, understood as the remnant non-failure time of service, when the actual loading, structure condition, and environmental impacts are to be accounted for. The assessment of structural reliability, carried out on the basis of detailed analysis, bears a certain probability. At the maintenance stage, it is also important to predict how long a given structure will be capable of delivering reliable performance, which greatly affects the assessment probability level. Because the probability level of the durability assessment is not always satisfactory, it is increasingly frequently recommended to monitor the structure condition, which most often refers to bridges. The necessity to guarantee structural reliability produces the recommendation, stipulated by law, for monitoring the structure performance in service on current basis. Properly conducted routine inspections, based on the objective results of monitoring and diagnostics, make it possible to extend the structure lifespan and to select the optimum time and scope of rehabilitation, repairs or upgrading. When faults are found that pose a threat to the structural reliability, inspections help to make a decision on putting a structure out of service. Nondestructive testing (NDT) methods [2, 3] , which have been rapidly developing over recent years, provide objective means to collect information on the strength of materials and its variation in time. NDT also makes it possible to evaluate other features, such as component dimensions, location of faults, damages and microcracks, that of reinforcement, and also a degree of corrosion hazard. The method based on the measurement and analysis of acoustic emission (AE) signals generated by active destructive processes caused by the loading action in the examined member, or in the whole structure, could be most obviously classified as NDT. The analysis of identification and location of destructive processes provides a basis for the diagnostics of the examined structures [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . The obvious advantage offered by the method is the possibility of conducting measurements of the whole structure of concern (e.g. bridge), or of its part [11] .
The durability of reinforced concrete structures is a derivative of microcracking of concrete, which is to protect reinforcement against corrosion throughout the whole of the structure life [15] . Caused by volumetric changes in the cement grout, internal stresses occur in concrete members almost from the very beginning of their moulding. That results in microcrack formation in the grout or at the cement grout -aggregate grain or rebar interface. Because of external factors (e.g. a load) acting on the structural member, microcracks can change their width, length, and they can coalesce forming crack nuclei on the member surface. Cracks are inherent in concrete members and are not decisive for the loadbearing capacity over a short period of time. Consequently, limiting crack widths is intended to prevent corrosion attack which shortens the life of the structure and lower its aesthetics. Research methods that are employed to assess structural health and durability of reinforced concrete structures need to account for a multitude of factors that affect cracking, nonhomogeneity of materials, and a complex pattern of stress and strain that accompany crack initiation and growth [16] .
The study presents the analysis of the process of crack initiation and their width growth in statically determinate and hyperstatic reinforced concrete beams with the IADP (Identification of Active Damage Processes) acoustic emission method. The beams were subjected to monotonic, variable with unloading and cyclic modes of loading. The criteria of structural damage, taking into account the structure durability, were developed.
Basics of the IADP acoustic emission method and experimental procedure
The acoustic emission (AE) method IADP relies on the analysis of acoustic waves generated by active destructive processes that develop in building and engineering structures under service load. AE signals are received by acoustic sensors spaced over the structure, covering the whole of its volume, and then compared with the reference signal database, which is presented in the form of a diagram in Fig. 1 . The reference database was complied before for specific destructive processes on the basis of twelve acoustic wave parameters: the number of counts, number of counts to peak amplitude, signal duration, signal rise time, signal amplitude, signal energy, signal strength, signal mean effective voltage, signal absolute energy, signal mean frequency, reverberation frequency, and signal initiation frequency. The means of compiling the reference signal database is presented in [9, 13] .
Destructive processes, identified on the basis of a comparative analysis, are then located by analysing differences in the AE signal arrival time at individual sensors. Zone or linear location is used in the procedure. The AE method offers a clear advantage in making it possible to space sensors recording AE waves in such a way that the whole structure is covered by measurements. Another benefit brought by the method is the possibility of conducting tests under actual service load.
The method (named as RPD -Recognition of Destructive Processes) was formerly developed for reinforced concrete structures [5, 9, 11, 13] and the following destructive processes were defined for the reference data base: microcracking in the concrete at the interface of the small-sized (Φ ≤ 2 mm) aggregate fraction and the cement mortar, microcracking in the concrete at the interface of the small-sized and medium-sized (Φ ≤ 8 mm) aggregate fraction, crack initiation in the concrete tension zone, cracking at the concretereinforcement interface crack development, plastic deformation of steel and concrete friction, concrete delamination, rupture of prestressed tendons.
The validation of the method using the 3D scanner Aramis system confirms it is possible to identify destructive processes, related mainly to crack initiation and growth under loading, in reinforced concrete members [10, 14] .
The processes that generate AE signals accompany only active damages, i.e. those arising, or developing under the conditions that prevail at the time measurements are carried out. The defects present in the structure, which are not in the development stage, do not generate AE signals. Thus, the method can be employed to estimate the effectiveness of renovation or upgrading.
The investigations conducted confirmed that the concept of the RPD acoustic emission method could be applied to the testing of reinforced concrete structures [13, 14] .
As crack formation is not allowed in the pre-stressed structures in most cases, whereas in reinforced concrete structures, cracks are inherent and permissible within certain width limits, it was necessary to modify classes of destructive processes. Hence, the name of method was altered and the IADP (Identification of Active Damage Processes) name was proposed. The classes adopted in the reference signal database for reinforced concrete structures [14] Table 1 . Tests carried out on statically determinate and indeterminate beams demonstrate that Classes 6, 7 and 8 occur just before failure, and almost simultaneously. The signals of those Analysis of the microcracking process with the Acoustic Emission method with respect to the service life. . . final classes could be joined to form a single Class 6, which will summarize failure patterns caused by the following: concrete crushing, bar buckling and rebar rupture. Hence, for reinforced concrete structure, the reference signal database comprises six classes of AE signals. Graphic symbols to represent individual classes are presented in Table 2 . Table 2 Graphic denotation of AE signal classes AE signals identified as belonging to:
Class 3 Initiation of micro-cracks Class 4 Growth of cracks Class 5 Loss of adhesion in the crack vicinity accompany crack formation and growth in the reinforced concrete member. As the crack advancement significantly affects the structure service life, the criteria of structural damage were established, using the IADP acoustic emission method, on the basis of the analysis of the classes of destructive processes mentioned above.
Tests conducted for reinforced concrete beams using Aramis optical 3D scanner [10, 14, 17] show the IADP acoustic emission method makes it possible to identify and locate Class 3 and 4 signals. Those correspond to crack initiation and growth, so it is possible to detect the development of load-induced cracks. Also, cracks resulting from dominant bending and shear loads can be differentiated [14] .
The theory of continual changes in stiffness, formulated by Kuczyński [18] and Goszczyński [19] , was based on the analysis of experimental results derived from large-scale tests on reinforced concrete beams. At the core of the theory lies an observation that the phenomena accompanying concrete performance, i.e. plastification and cracking, inherently discontinuous, when referred to average values of result sets, can be described with continuous and monotonic functions. Properties of materials can be interpreted in a similar way. Fibre, extracted from a concrete member, has much diversified structure, it contains solid, liquid and gaseous phases, which have different mechanical properties. The fibre structure is discontinuous, and discontinuity areas are randomly distributed (Fig. 2) . Due to a chaotic distribution of concrete ingredients, a cross-section through a few fibres also covers different phases. Thus, it can be said that a concrete cross-section, understood as an infinitely thin body sample is, concurrently, a solid, liquid and gaseous material. To put it in other words, such cross-section shows the properties of solid, liquid and gaseous body at the same time.
Such an interpretation, assumed for the sake of many analyses, results in an assumption on the material continuity, and in ascribing averaged concrete properties to each point of the section. Understood as indefinitely small segment (elementary segment) dV = dx, dy, dz, each section point can be a solid material with the probability of Ps, liquid material with the probability of Pc, or gaseous material with the probability of Pg. It can also be stated that over time, the quantities representing those probabilities, thus properties, will undergo changes. The advancing process of cement hydration increases the probability of solid phase occurrence at the expense of others. The grout shrinkage itself results in stress occurrence, which leads to the formation of microcracks and even macrocracks, thus the probability of the gaseous phase grows. The same effect is produced by loading. Ambient thermal and humidity conditions affect the probability of occurrence of the liquid and gaseous phases. Therefore, it can be said that concrete properties largely depend on the probabilities of occurrence of individual phases, which is clearly reflected in the process of crack initiation and growth. Concrete, and grout in particular, have complex chemical structure. Neither solid nor liquid phase is homogenous. The diversity in structure results in the fact that individual elementary segments, even within the same phase, have different mechanical properties which affect the advancement of cracking.
Adopting such an approach, the width analysis of cracks corresponding to defined Classes of destructive processes, based on numerous test results for reinforced concrete beams, was carried out for mean values of moments/loads generating AE signals ascribed to those classes.
Experimental testing
3.1. Test objects. Tests were conducted for 40 reinforced concrete beams, plant-precast from C40/50 concrete and B500SP class reinforcement steel. Out of those, 26 items were used to conduct tests for single-span simply supported beams. The remaining 14 items were used for tests on double-span beams. Single-span beams having 120×300 mm cross section and 3000 mm length, between the support, differed in the structure of longitudinal and transverse reinforcement. They were also subjected to different loading schemes, namely sixteen were loaded until failure due to the bending moment, and ten due to the action of the shear force.
In the case of single-span beams, dedicated to bending, two ratios of longitudinal reinforcement were applied ρ l = 0.7% (2∅12) and ρ l = 2.0% (3∅12+2∅14) with stirrups ∅6 spaced every 10 cm between support and applied force, and every 21.5 cm between acting forces (excluding the four beams without stirrups between acting forces). In the case of the beams devoted to shearing, the longitudinal reinforcement was 3∅12 + 2∅14 (ρ l = 2.0%) and degree of web reinforcement was diminished to ρ w minimum.
For the sake of comparative analysis, double-span beam dimensions were the same as those of single-span ones, i.e. 120×300 mm cross section and 3000 mm length between the single support. The reinforcement of a double-span beam was composed of six ∅12 bars arranged in two arrays. In the first one, two bars are located in upper fibres of the beam, and four in the bottom fibres (six beams). The other array featured three bars placed in the upper fibres of the beam, and located symmetrically to those, the remaining three in the bottom fibres (six beams). In two beams, the transverse reinforcement was reduced to the minimum to enforce shear failure. Exemplary scheme of the reinforcement structure in the single-span beam is presented in Fig. 3 , and that of double-span beamin Fig. 4 . 
The experimental setup and the equipment.
Tests were conducted at the experimental setup at which single-and double-span beams were loaded, using actuators with a controller, in accordance with the loading scheme. The equipment installed on the setup allowed making comparative analyses of the experimental results. The equipment consisted of the following items:
1. ARAMIS optical 3D scanner -used to record strains within the beam surface (field strain) in loading. 2. Hottinger Baldwin Messtechnik measurement system -to measure displacements as a function of load, five induction sensors were used. 3. acoustic emission measurement system -to record and analyse acoustic emission signals in the loading process.
The experimental setup with the reinforced concrete double-span beam fixed at it, ready for the experiment, together with the measurement equipment is shown in Fig. 5 .
The equipment was synchronised with the preprogrammed load. As the beam was loaded, the data from the equipment were recorded. The data included the following: values of the loading forces, displacements recorded by five induction sensors, acoustic emission signals and strain within the beam surface. In this way it was possible to identify, locate and validate the recorded acoustic emission signals with respect to observed destructive processes that occur in reinforced concrete members under loading, particularly the process of crack initiation and growth. 
Test programme and execution.
In the tests, conducted until failure, acoustic emission signals, generated by load-induced destructive processes, were recorded using the processor and AE sensors. At the same time, beam vertical displacements were measured using induction sensors and the 60-channel Hottinger measurement system. The non-standard arrangement of the Aramis system [17] made it possible to measure strains within pre-prepared lateral surfaces of the beams. The system allows tracing crack initiation and growth, including crack width increase, which is associated with the local strain concentration. That can be done continuously at all load levels. Acoustic emission (AE) tests were conducted using 24-channel PhysicalAcousticCorporation measurement system. The system comprises three PCI-8 processors, with filters on the measurement channels, and with applications for signal recording and analysis available through the AEwin control panel. Measurements were taken using SE 55-R sensors with 1220 type, 40 dB gain, pre-amplifiers. Recorded acoustic emission signals were subjected to statistical analysis using NOESIS software, which is based on the image recognition method.
Bending (16 beams) and shear (10 beams) tests were performed for single-span beams in accordance with three loading schemes:
M -monotonic loading, until failure, with two identical forces O -loading with two identical forces, with unloading, at five load levels determined depending on the load-bearing capacity of the beams C -low-cycling load, at two or three load levels, sinusoidal -to simulate a driving vehicle.
The cyclic load program was taken as a simulation of the operating load caused by passing vehicles according to the durability tests of the bituminous pavements [20] .
A diagram of the bending test for a single-span beam, together with a spacing array of AE sensors (1-8) is presented in Fig. 3 . The sites of pre-prepared beam surfaces for the field strain test are shown in Fig. 6 . The Aramis system was used in the test, for the beams intended to fail due to the bending Analysis of the microcracking process with the Acoustic Emission method with respect to the service life. . . moment (Fig. 6a) , one arm with two digital video cameras was employed. Two arms, each equipped with two cameras, were used when the beam failure was to be caused by a shear force (Fig. 6b) . Twelve double-span beams (Fig. 4 ) were subjected to variable bending load until failure in accordance with three loading schemes A, B and C:
A -Loading scheme that resulted in the failure of the span loaded with one concentrated force. The scheme, together with the diagram of support, and of surfaces where field strain measurements were taken using the Aramis system is shown in Fig. 7 . B -Loading scheme that resulted in the failure of the span loaded with two forces. The scheme, together with the diagram of support, and of surfaces where strain measurements were taken using the Aramis system is presented in Fig. 8 . C -Loading scheme that involved variable cyclic load. The scheme, together with the diagram of support, and of surfaces where strain measurements were taken using the Aramis system can be seen in Fig. 9 . Two beams, in which transverse reinforcement was reduced to the minimum to obtain shear failure, were loaded as shown in Fig. 10 .
The array of acoustic emission sensors (1-12) for doublespan beams loaded until bending failure in accordance with A and B loading schemes are shown in Fig. 4. 
Analysis of results
The results of simultaneous recording of AE signals (AE measurement system) and of strains within the beam surface (Aramis system), obtained in tests run for 40 beams, made it possible to analyse crack widths accompanying acoustic emission signals ascribed to Class 3, 4 and 5. Table 3 Moments/values of loading forces corresponding to the formation of Class 3, 4 and 5 Table 4 Crack widths corresponding to Class 3, 4 and 5 -bending failure First, on the basis of the parameter summation diagrams, the strength of AE signals was determined as a function of the load applied. That was done for individual beams and measurement bases (beam fragments between AE sensors). Also, the values of moments corresponding to the recording of destructive processes categorised as Class 3, 4 and 5 were determined. For double-span beams, moments were computed for both spans and at the support. For the purpose of a cumulative analysis, relative moments were calculated as the ratio of the value of a moment for which Class 3, 4 and 5 signals, respectively, were recorded to the moment equal the load-bearing capacity of reinforced concrete cross-section in the analysed measurement base.
Exemplary results of computations performed for singlespan beams loaded monotonically until bending failure, where the moment is equal to the load, are presented in Table 3 . Crack widths corresponding to Class 3, 4 and 5 are presented in Table 4 .
As regards double-span beams, the computed values of relative moments corresponding to the occurrence, in the spans and at the support, of the classes of destructive processes of concern, are presented in Figs. 11, 12 for Class 3 and 4 respectively. Cracks widths corresponding to Class 3, 4 and 5 were determined in the same way as for single-span beams taking into account both the left and right span.
It is observed that both for single-span and double-span beams, the scatter of results for loads/relative moments corresponding to the occurrence of classes of destructive processes, is high as expected. On the other hand, the number of experimental results is also large.
Analysis of the microcracking process with the Acoustic Emission method with respect to the service life. . . The tests conducted for the study on both single-and double-span reinforced concrete beams, using synchronised testing equipment (actuators, AE measurement systemAramis optical scanner), made it possible to trace the process of initiation and width growth of cracks corresponding to specific classes of destructive processes. The graphic representation of the cracking process tracing is given in Fig. 13 for an exemplary double-span beam loaded according to the scheme (A ) -until failure with one concentrated force.
The left hand side of the figure shows the cracking of the span loaded by two forces (actuators 2 and 3), whereas the right hand side illustrates the span loaded with one force (actuator 4). That is done for three successive loading levels with classes of identified destructive processes denoted in the way presented in Table 2 . The loading scheme, together with the areas examined with the Aramis system, is presented in Fig. 7 .
For reinforced concrete structures, conclusions regarding the advancement of cracking should not be based on the results of a single test. Taking that into account, all results of experimental beam tests were considered to assess a degree of damage to a structural member. On the basis of the results, the maximum and average crack widths were determined at the height of the centre of gravity of the reinforcement in tension.
The cracks resulted from the action of the computed mean relative (to the load-bearing capacity) loads that cause the generation of acoustic emission signals identified as Class 3, 4 and 5.
On the basis of the experimental results for all 40 beams with different loading history, it can be stated that:
• for single-span beams under different loading schemes (monotonic, with unloading, and cyclic)
1. The maximum crack widths computed in central parts (constant bending moment) of beams subjected to a bending load are as follows: for Class 3 -0.1 mm; Class 4 -0.15 mm, and Clas 5 -0.22 mm, which confirms that classes are related to crack development. That results from the fact that the crack width was computed at the height of the centre of gravity of the reinforcement in tension, and with a high amount of transverse forces, skew cracks are formed closer to the beam midspan.
• The scatter of results, found on the basis of standard deviation and variation coefficient, can be explained by a strongly random character of crack formation in reinforced concrete members. Therefore, when criteria of the degree of structural damage are established, high scatter of results must be considered.
Conclusions
1. Taking into account the maximum widths of cracks generating acoustic emission signals of Class 3, 4 and 5, and also the graphic cracking image obtained with the scanner, it can be concluded that the criteria of structural damage can be applied both to statically determinate members (single-span beams) and to statically indeterminate members (double-span beams). 2. On the basis of the analysis of crack development, accompanied by acoustic signals of Class 3, 4 and 5, and the corresponding crack widths, the following criteria were adopted for the sake of assessment of the condition of reinforced concrete structures: Class 1 and 2 -safe performance Class 3 -warning Class 4 -threat to durability Class 5 -threat to load-bearing capacity Class 6 -loss of structural reliability Criteria of structural damage assumed for Class 4 and 5 are justified by a high scatter of results and an increase trend seen in crack width when a member is subjected to cyclic load at the same load value level. That was observed on the basis of crack width analysis for variable loads (with unloading, and low-cyclic ones). Another reason was a decrease in the load-bearing capacity of double-span beams subjected to cyclic loading.
3. The tests carried out for the study confirm that the IADP acoustic emission method can be applied to the analysis of crack formation and advancement in reinforced concrete beams, performed to evaluate a degree of structural damage and to predict the remnant life of the structure.
